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Gene expressionEarly cardiac development involves the formation of a heart tube, looping of the tube and formation of chambers.
These processes are highly similar among all vertebrates,which suggest the existence of evolutionary conservation
of the building plan of the heart. From the jawless lampreys toman, T-box transcription factors like Tbx5 and Tbx20
are fundamental for heart formation, whereas Tbx2 and Tbx3 repress chamber formation on the sinu-atrial and
atrioventricular borders. Also, electrocardiograms from different vertebrates are alike, even though the ﬁsh heart
only has two chambers whereas the mammalian heart has four chambers divided by septa and in addition has
much higher heart rates. We conclude that most features of the high-performance hearts of mammals and birds
can be traced back to less developed traits in the hearts of ectothermic vertebrates. This article is part of a Special
Issue entitled: Cardiomyocyte biology: Cardiac pathways of differentiation, metabolism and contraction.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
During the evolution of vertebrates, the cardiovascular system has
undergone marked anatomical and functional changes. The heart of
the earliest vertebrates, possibly represented by Amphioxus, was proba-
bly a contractile vessel where peristaltic movements provide the perfu-
sion of the vasculature at low pressures [1]. A heart with a single
trabeculated ventricle and a single atrium evolved later among ﬁsh
where blood ﬁrst perfuses the gills and then the systemic vasculature
(Fig. 1) [2]. A pulmonary circulation alongwith partial intracardiac sep-
aration of systemic and pulmonary blood ﬂows also evolved in ﬁshes,
resembling modern day lungﬁshes (Dipnoi), and developed further in
amphibians, and particularly among reptiles where partial divisions of
the ventricle exist (Fig. 1) [3]. Birds and mammals independently
evolved endothermy from their reptile-like ancestors, and both mam-
mals and birds independently evolved hearts with full ventricular
septation and a thick compact left ventricular wall that allowed for a
considerable rise in systemic blood pressures (Fig. 1). The complete
divisions between the systemic and pulmonary circulations in birds
andmammals were also accompanied by a several-fold rise in maximal
heart rate, a pivotal requirement for the high cardiac output needed to
sustain the high metabolism associated with endothermy [4].
The profound structural and hemodynamic changes during the evo-
lution of the vertebrate heart, however, are not reﬂected in obvious
changes in the overall electrical patterning of the heart. Indeed, althoughocyte biology: Cardiac pathways
orman).
rights reserved.the total duration of the electrical events of a given heart beat is shorter
in endothermic birds and mammals with high heart rates, the electro-
cardiograms of all vertebrate hearts reveal a similar time delay between
the initial atrial activation and the subsequent activation of the ventricle
(Table 1, Fig. 2). Nonetheless, whereas hearts of mammals and birds are
endowed with an anatomically similar and specialized cardiac conduc-
tion system responsible for generation and propagation of the activat-
ing impulse, there is no anatomical evidence for a specialized cardiac
conduction system among reptiles, or any other group of ectothermic
vertebrates [5,6]. Thus, a parsimonious account of the seemingly inde-
pendent evolution of morphologically and functionally highly similar
hearts in mammals and birds [6], could be an evolutionary conserved
building plan of the heart that provided the template for a common de-
velopment of structure and function. Here, we attempt to review this
possibility and emphasize early cardiac development where vertebrate
embryos resemble each other and focus onmolecular studies because of
their power to establish homologies.
2. Morphology of the developing heart and cardiac evolution
Hearts of all chordates are formed from the embryonic disk, where
lateral cardiogenic mesoderm comes together ventrally on the embry-
onic midline to create the heart tube. The heart tube subsequently
loops and a ventricle and an atrium balloon out at the outer curvatures,
whereas the remainder of the heart tube, the inner curvature,maintains
its tubular appearance (Fig. 2) [6]. In mouse and chicken, the initial
phase of these early stages is characterized by high proliferation in an
extra-cardiac precursor pool that adds cells to the heart tube [7,8].
This is followed by a period of differentiation and much reduced
Fig. 1. Changes in adult cardiac design and physiology during evolution. Fish breathewith gills and have no cardiac septa. The ventricle is not divided (÷) in amphibians and reptiles. Only
inmammals and archosaurs (crocodiles and birds) is there a full ventricular septum (+). Mammals and birds have a much elevatedmetabolism compared to other vertebrates, they are
endothermic (red), and heart rate is several folds higher than in ectotherms (blue). Systemic blood pressures (oxygen rich) are generally higher in endotherms than in ectotherms, albeit
athletic ﬁsh like tunas (t) have mammal-like blood pressure. Conversely, pulmonary pressures (oxygen poor) are low in endotherms. a, atrium; Amphib, amphibians; h, hagﬁsh; la, left
atrium; lv, left ventricle; ra, right atrium; right ventricle; v, ventricle.
The heart rate graph is adapted from [4], systemic blood pressure values are from [2], and the phylogenetic tree is based on [135].
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phase is characterized by re-initiation of high rates of proliferation
[9–11]. Interestingly, developing hearts of the primitive sturgeons
have an initial looping, followed by a straightening and then a second
looping, thus paralleling the development of mouse and chicken [12].
Althoughwe do not intend to evoke Haeckel's concept that ‘ontoge-
ny recapitulates phylogeny’ (e.g. [13]), it is noteworthy that the adultprimitive chordates, as seen in sea squirts, resemble the heart tube of
early vertebrate embryos. Also, the embryonic tetrapod heart has a
single trabeculated ventricle with a myocardial outﬂow tract re-
sembling the formed heart of sharks and primitive bony ﬁsh [14–16].
Furthermore, the embryonicmammalian and avian hearts have in com-
mon with reptiles an incomplete division of the ventricle acquired by
ventricularization of the myocardial outﬂow tract [17–19]. Indeed, the
Table 1
Structures and genetic conduction patterning of the vertebrate heart.
Tetrapods
Amniotes
Fish(1) Amphibians Reptiles Birds Mammals
Sequential chamber activation + + + + +
Atrium and spongy ventricle Adult Adult Adult Embryonic Embryonic
Myocardial AVC Adult Adult Adult Embryonic Embryonic
Partial atrial septation Adult Embryonic Embryonic Embryonic
Full atrial septation Anurans Adult Adult Adult
Partial ventricular septation Adult Embryonic Embryonic
Full ventricular septation Crocodiles Adult Adult
Compact walls and IVS Adult Adult
Cardiac conduction system Adult Adult
Conduction patterning
Atrium and spongy ventricle
Tbx4/5
Nkx2.5
Cx40
Anf/Bnf (3)
+(2)
+
+
+
+ 
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Atrioventricular canal
Tbx4/5
Nkx2.5
+
+
+
+
+
+
+
+
+
+
Cx40
Anf/Bnf (3)
−
− −
−
−
−
−
−
−
Bmp2/4
Tbx2/3
+
+ +
+
+
+
+
+
+
(1)Includes lampreys [72], cartilaginous ﬁsh and bony ﬁsh, but excludes lungﬁsh that have a partially divided heart. (2)In zebraﬁsh Tbx5 becomes expressed in an anterior–posterior
gradient by ca. 48 hpf rather than posterior–anterior as in the remainder of the vertebrates [138]. (3)Reptiles and birds all have Bnf, but Anf is only present in chelonians [19,51,141].
785B. Jensen et al. / Biochimica et Biophysica Acta 1833 (2013) 783–794great anatomist Arthur Keith initially mistook a shark heart for a mal-
formed human heart [20] andwe embrace here the evo-devo approach
and will often make comparisons between developmental stages and
the formed heart of different taxonomic groups.3. Electrical patterning of the heart
Cardiomyocytes are electrically coupled and have automaticity
resulting from their capacity to produce an intrinsic cycle of electrical
Formed fish heartHeart tube Ballooning chambers Formed human heart
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Fig. 2. Development of the heart and its electrical activity. The heart tube consists of slow propagating primary myocardium (gray) and peristaltic contraction results in a sinusoid
electrocardiogram (ECG). Atrial and ventricular compartments with faster propagation balloon out (blue) and the electrocardiogram then acquires an adult-like proﬁle. Also, the
conﬁguration of the early chambered heart and the adult ﬁsh heart are alike and even resembles the formed human heart. Hearts and ECGs are schematized.
Adapted from [136].
786 B. Jensen et al. / Biochimica et Biophysica Acta 1833 (2013) 783–794activity that initiates contraction. Consequently, the cell, or group of
cells, with the highest spontaneous depolarization rates will dictate
the beating frequency of the entire heart and are referred to as the
cardiac pacemaker. The dominant pacemaker cells are located at the
inﬂow of the forming heart in all vertebrates [21–24]. As the activat-
ing current spreads caudo-cranially over the heart tube, peristaltic
waves of contraction squeeze the blood to the arterial pole. Only a
few stages later, ventricular and atrial chambers can be seen as bulges
on the tube and studies on zebraﬁsh, chicken and mammals show
that the myocardium of the developing chambers is characterized
by fast propagation of the depolarizing impulse and essentially syn-
chronous contraction [23,25–28]. The ﬂanking regions at the sinu-
atrial border, the ﬂoor of the atrium, the atrioventricular canal, the
inner curvature of the ventricle and the myocardial outﬂow tract re-
main tube-like (Fig. 2) [6,29]. These regions are characterized by rel-
atively slow propagation speeds and a matching long contraction
duration as also manifested in adult hearts of sharks, lungﬁsh and am-
phibians [6,30–34]. Importantly, in the early developing heart the
atrioventricular canal and the myocardial outﬂow tract contain cush-
ions, and no valves yet, and the slow and sustained contractions are
therefore important to maintain unidirectional ﬂow [25,35–38]. As a
consequence of slow and fast propagating regions, an adult-like elec-
trocardiogram can be derived from developing hearts in the very
early stages of chamber formation (Fig. 2).
Cardiac activation patterns can be measured by optical mapping
with high spatial resolution, which is particularly useful to study
small developing hearts [39,40]. In the earliest stages of chamber for-
mation in mammals (mouse~E9) and birds (chicken~E4), ventricular
activation sweeps from the atrioventricular canal towards the apex
and ﬁnally into the outﬂow [41,42]. This activation pattern is surpris-
ingly similar to the zebraﬁsh heart not only in the ﬁrst days after
fertilization, where the trabeculations of the ventricle still have to
form [27,28], but also of the fully formed heart of zebraﬁsh and ecto-
thermic vertebrates in general (Fig 3).
A striking transition occurs a few days later in mammals and birds;
at the time of formation of the septum and the compact wall, ven-
tricular activation is seen to initiate in the apex on the epicardial
side [43]. This apical activation occurs from a single point in both the
left and right ventricles and is therefore perceived as an ongoing
maturation of the bundle branches of the ventricular conduction sys-
tem [23,42–45]. In reality, it is not clear what characterizes this matu-
ration, because the bundle branches are neither anatomically nor
molecularly distinct at this point. Maybe the changes in activation pat-
tern simply reﬂect architectural changes; compactwalls form andmayobscure the early activation of the base and the septum divides the
trabeculated network of the early ventricle into two parts each leading
to the apex.
4. Molecular patterning of the heart
In addition to tissue architecture, the electrical propagation in tissue
relies on the properties of cell-to-cell coupling and excitability that, in
turn, depend on the distribution of channel proteins [46].
Several genes are expressed speciﬁcally in the ballooning cham-
bers, of which atrial natriuretic factor (Anf) and the gap junction pro-
tein connexin40 (Cx40) are prominent. Gap junctions are fundamental
to cardiac function by establishing cytosolic, and therefore electrical,
communication between individual cardiomyocytes. In themammali-
an ventricle, each cardiomyocyte shares gap junctions with approxi-
mately 11 other cardiomyocytes, while atrial cardiomyocytes share
with around 6 [46,47]. One gap junction consists of a multitude of
hexameric channels of connexins of one cell, linked to a similar conﬁg-
uration of the neighboring cell. Cardiac expression of connexins has
recently been reviewed and Cx30.2, Cx40, Cx43 and Cx45 are the dom-
inant forms (numbers refer to the size of the protein) [48]. Important-
ly, Cx40 and Cx43 have higher conductance than Cx30.2 and Cx45, and
Cx40 and Cx43 are exactly conﬁned to the ballooning chambers char-
acterized by relatively fast propagation (Fig. 4). Thus, myocardium
expressing Anf, Cx40 and/or Cx43 can be deﬁned as ‘working myo-
cardium’ and the remainder, which maintains a heart-tube like phe-
notype, is ‘primary’ myocardium. Expression of Anf in the atrial and
ventricular chambers and absence of expression from the atrioventric-
ular canal are found in zebraﬁsh, Xenopus frogs, turtles and mammals
(Table 1) (Anf has been lost in birds and all reptiles except chelonians
[19,49–53]). Similarly, the Cx40 pattern is identical in lizards [54],
birds and mammals [48]. Further markers of ballooning chambers
include the α-subunit of the cardiac sodium channel Nav1.5 and the
calcium handling SERCA pump [55,56]. Sodium channel Nav1.5 con-
tributes to the upstroke velocity of the action potential and therefore
propagation speed [46]. Patterning of Nav remains to be studied in ec-
tothermic vertebrates, but the upstroke of the action potential in am-
phibians and reptiles is slow in the slowly propagating compartments
and fast in the rapid propagating compartments [57,58].
The primary myocardium propagates current at slower velocities
and produces less force, but maintains higher rates of spontaneous
depolarization and hence contraction. Spontaneous depolarization, or
pacemaker activity, is generally believed to relate to the so-called
funny current via potassium/sodium hyperpolarization-activated cyclic
Xenopus
Zebrafish
Anole lizard
Human
N=9
N=6
N=3
Ti
m
e 
(m
s)
0
0
0
22
100
14
Ti
m
e 
(m
s)
Ti
m
e 
(m
s)
0
100
Ti
m
e 
(m
s)
rv vs lv
Fig. 3. Ventricular activationpatterns of fully formedhearts. In zebraﬁsh,Xenopus frog and
anole lizard (representing ectotherms in general), epicardial activation of the ventricle
initiates (red) in the base and ends (blue) in the apex and outﬂow region. The
right-hand column shows all earliest (red dot) and latest points of activation (white
dot). In the formed heart of endotherms, exempliﬁed by the human heart, activation
spreads on the luminal side from the base to the apex and, later, to the epicardial side
and from the apical region to the base. Scale bars are 0.2, 1 and 0.5 mm in zebraﬁsh,
Xenopus and anole lizard respectively. lv, left ventricle; rv, right ventricle; vs, ventricular
septum.
Ventricular activation patterns of zebraﬁsh, Xenopus frog and anole lizard hearts are
adapted from [54] while the pattern of the human heart is from [113].
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the fully formed heart, however, may relate to spontaneous calcium
release [60]. Hcn4 is expressed throughout the heart tube with a
caudo-cranial gradient, but expression becomes less in the ballooningchambers and remains strongest at the inﬂow of the heart, i.e. in the re-
gion of dominant pacemaker activity. This is particularly clear in early
stages of chamber formation in chicken and man and later stages see
a gradual conﬁnement of Hcn4 to the central parts of the conduction
system with a late fetal up-regulation [61–64]. Our own observations,
as yet unpublished, also reveal a caudo-cranial gradient of Hcn4 in liz-
ards, resembling that of embryonic chicken and man.
Taken together, the heart tube consists of primary myocardium
exhibiting slowpropagation, relatively high automaticity and low levels
of proliferation. Locally, atrial and ventricular chambers balloon out as a
result of increased proliferation and this myocardium acquires faster
propagation rates, less automaticity and shows an increased expression
of, for instance, the sarcomeric proteins required for force production. A
central question in cardiac development is therefore: what controls the
patterning of primary and working myocardium?
5. T-box transcription factors determine the cardiac building plan
In mice lacking the T-box transcription factor Tbx20, the heart
tube fails to loop and initiate chamber formation and adult mice die
within a week of conditional and cardiac-speciﬁc knock out [65–68].
The critical importance of Tbx20 is also manifested by its conserved
expression during cardiac development in birds [69], reptiles (Jensen
et al., unpublished observation), amphibians [70], zebraﬁsh [71] and
the primitive jawless lampreys [72]. Several other transcription fac-
tors, including Tbx5, Nkx2.5 and Gata4 are also necessary for appropri-
ate formation of the working myocardium phenotype (Tbx4/5 is also
expressed in lampreys [72]) (Fig. 4, Table 1). Intriguingly, common
to these transcription factor is their broad expression in the heart
and thus in the working myocardium as well as the primary myocar-
dium [65–67,73,74]. This suggests that chamber formation should be
repressed regionally and, consequently, that maintenance of primary
myocardium is crucial for the localized formation of the chamber.
Two closely related transcription factors of the T-box gene family,
Tbx2 and Tbx3, are involved in this repression [75–78].
6. Tbx2 and Tbx3 inhibit chamber formation
Tbx2 is expressed in the inﬂow tract, atrioventricular canal, outﬂow
tract and inner curvatures in mice [75]. These regions, except the
outﬂow tract, are intimately associated with the development of the
mouse conduction system [48]. Importantly, such expression pattern
is also found in man [79], chicken [80], Xenopus [54], zebraﬁsh [81]
and lampreys [72] (Table 1). Chambers fail to form in embryonic mice
with ectopic expression of Tbx2 in the entire heart tube [82]. In the ab-
sence of Tbx2, the atrioventricular canalmyocardium initiates chamber-
speciﬁc expression and develops fast propagation and the appropriate
atrioventricular delay is compromised [83–86]. In mammals and birds,
Tbx3 has a similar expression pattern as Tbx2, except that it is absent
from the outﬂow tract and, importantly, also has ventricular expres-
sion [54,80,87] (Fig. 5). Myocardium that is repressed from differentiat-
ing intoworkingmyocardiumby Tbx2/3, will havemuch less expression
of genes associated with sarcomeres, fast propagation and calcium
handling [6,48,74,88]. Recently, work from our lab showed that Tbx3
can impose a pacemaker like phenotype on fully differentiated ventric-
ular cardiomyocytes [89].
Myocardium that expresses Tbx2/3 also shows low proliferation
rates and this, as outlined above, may go a long way in explaining
the further shaping of the looped heart. In mice, the Tbx2/3 expressing
myocardium only grows slowly during development [48,87], whereas
the remainder of the heart, i.e. atria and ventricles, grows much faster
[11] (Fig. 6). As a consequence, Tbx2/3 expressing myocardium will
appear like constrictions in later stages of development, exactly on
the sinu-atrial border, the atrioventricular canal and outﬂow tract.
Similarly, we have found in reptiles that the myocardium of the atrio-
ventricular canal and outﬂow tract are major components of the very
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Fig. 4.Molecular determinants of the cardiac building plan. Notice that a primary ring is shown (*). It has been described in mammals and chicken only, where its presence coincides
with full ventricular septation.
Adapted from [136].
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limited growth compared to atrial and ventricular compartments
(Fig. 6). Interestingly, Tbx3 is also expressed in the ventricle of mam-
mals and birds in what is called the primary ring and this is exactly
where the ventricular septum forms [87] (Fig. 5). In fact, the key to
develop two ventricles may not be septum formation but simply ex-
pansion from two foci forming the left and right ventricles, which
are separated from one another by a region of suppressed chamber
formation. This would agree with the observations that dugongs
and manatees (sea cows) have almost entirely separated left and rightAnterior atrioventricular canal
Lizard st17/19 Chicken E6/HH28-29
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Fig. 5. Tbx3 expression in amniotes (reptiles, birds andmammals) shown in lumen casts of d
to the entire atrioventricular canal (green) and into the ventricle (below stipulated line) wh
and mammals. In the lizard, the primary ring is incomplete (red stipulated line) and a vent
Adapted from [54].ventricles. Here, the ventricles are connected by a minimum of ventric-
ular myocardium that impresses the shape of a ring, like the primary
ring [90,91] (Fig. 7). Reptiles, as represented by lizards, do not have a
primary ring and no ventricular septation in the atrioventricular region
(Fig. 5). Another T-box factor, Tbx5, is expressed in a steep gradient from
the left to the right ventricle inmammals and birds and appears impor-
tant for septum formation [19].
Much remains to be understood about the regional induction and
conﬁnement of Tbx2/3, but studies in mouse, chicken and zebraﬁsh
hearts show that bone morphogenetic proteins (Bmp) 2 and 4 canSinuatrial region
Mouse E12.5 Human st18
ventricular border
eveloping hearts. Tbx3 is expressed in one domain from the sinu-atrial border (blue dot)
ich identiﬁes the primary ring that later matures to the His bundle (arrow) in chicken
ricular septum does not form. Anole lizard was staged according to [137].
Days of development
Developmental stages
Myocardial volume (mm3)
Mouse
Anole lizard
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Total
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Fig. 6. Myocardial growth is regionalized. Changes in myocardial volume in total
myocardium, Tbx3 positive myocardium and atrioventricular myocardium (avc)
during development of mouse and anole lizard.
Mouse data is adapted from [87] and lizard data is unpublished (Jensen et al.).
Fig. 7. Four-chamber view of the heart of the dugong. Only a very short septum (5) separat
tricular chamber formation from a heart tube by ballooning from two loci separated by a s
Original ﬁgure from [90].
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Tbx2/3 may themselves produce a positive feedback by inducing
Bmp2 [78] (Fig. 4). Consistent with this notionwe have found in lizards
overlapping expression of Tbx3 and Bmp2 [54]. Further upstream, as
shown in zebraﬁsh,Wnt signaling drives Bmp4 expression in the atrio-
ventricular canal [93] and Tbx2 may be further induced in parallel by
Foxn4 [81]. Conversely, conﬁnement of Tbx2 to the atrioventricular
canal and inner curvature involves a Notch-Hey1/2 signaling cascade
[81,94,95] and Tbx20 [96].
An important role of Tbx2/3 is, therefore, to repress differentiation
allowingmyocardium at later stages to develop into a phenotype with
high automaticity and slow propagation, as in the sinus and atrioven-
tricular nodes, or a phenotype with some automaticity but fast propa-
gation, such as the His-bundle and its bundle branches.
7. Development of the insulating plane
Fibro-fatty tissue can be found in the atrioventricular sulcus of all
vertebrates. Only in mammals and birds, however, does an insulating
plane of ﬁbro-fatty composition ingress in the embryonic atrioventricu-
lar canal to insulate the ventricles from the atria [97,98]. One single re-
gion is spared and this becomes the atrioventricular node and the
His bundle [99–103]. The ingression, however, is often incomplete. As
a consequence, the atria can communicate with the ventricles via
myocardial strands [104]. However, recent studies show that it is the
molecular patterning of the atrioventricular myocardium rather than
the insulating plane as such, that is key to proper atrioventricular insu-
lation [84,86,105]. Similarly, in ectothermic vertebrates there is a sub-
stantial propagation delay in both sinu-atrial and atrioventricular
regions yet insulating planes are absent [5,54,106,107]. This strongly
suggests that the insulating plane is not necessary for insulation, albeit
it may provide another layer of safety for insulation.es the left (13–16) and right ventricle (6–8). Such ventricular design agrees with ven-
uppressed region.
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ﬁbro-fatty tissue then necessary to anchor the atrioventricular valves
in the presence of large pressure gradients from a contracting ventricle
(blood pressure ca. 100 mm Hg) to a relaxing atrium (ca. 0 mm Hg)?
The high pressure ventricle of tuna ﬁsh (ca. 100 mm Hg) seemingly
negates this alternative because the insulating plane does not ingress
in the atrioventricular myocardium and the atrioventricular valves are
thus anchored directly in themyocardium [107–109]. In fact, crocodiles
are apparently the only ectothermic vertebrates with some ingression
of the insulating plane in the atrioventricular canal myocardium [110]
but even so, neither blood pressure, heart rate, nor blood ﬂow is as
high as in mammals and birds [2]. The signiﬁcance of the insulating
plane, therefore, is an open question.
8. Development of compact walls and the His-Purkinje network
While mammalian and avian hearts develop from the same building
plan as ectothermic vertebrates, their ventricles form thick compact
walls starting from ca. E12.5 in mouse, ca. 6 weeks in man and ca.
HH32 in chicken. The compact walls cease to express Cx40 and Anf,
but remain positive for Cx43. Because the compact walls grow faster
than the luminal trabeculations, the luminal trabeculations constitute
a progressively smaller part of the ventricular myocardium [11,48].
This is in contrast to ectothermic vertebrateswhere the trabecularmyo-
cardium remains the major part of the ventricular myocardium into
adulthood. Consequently, only inmammals and birds will the Cx40 pos-
itive trabeculations come to line the ventricular lumina (Fig. 8).
The developmental transition from trabeculated to compact wall
also offers an architectural explanation for the development of the
Purkinje network, which, deﬁned as the thin network of subendocardial
ﬁbers, is restricted to mammals and birds. In a broader view, however,
the Cx40/Anf-positive trabecular myocardium of ectothermic verte-
brates can be considered as the homologue of the Purkinje network.
Importantly, the molecular phenotype can be extended to a sharedSt 7/19 St 17/19
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Fig. 8. Cardiac expression of ventricular conduction systemmarker Cx40 and development of com
andmammals (mouse, E11.5) are characterized by Cx40 expression in the atria and ventricles but
compact walls (E16.5) where Cx40 is not expressed (except in the coronary vessels) and Cx40
Conversely, in the lizard the trabeculated Cx40 positive myocardium constitutes the entire ventr
tract (Cx40 negative); ra, right atrium; vs, ventricular septum.
Adapted from [54].activation pattern; the trabeculated ventricles of ectothermic verte-
brates are in general activated from base to apex and, similarly, the
His-Purkinje system of mammals and birds is activated from the His
bundle in the ventricular base, down the bundle branches on the septum
towards the apex and the Purkinje network [111–116] (Fig. 3). From the
Purkinje network and through the myocardium, activation then pro-
ceeds from the endocardium to the epicardium (Fig. 3). It is only on
the epicardial surface that mammalian and avian ventricles are seen to
be activated from apex to base, and this necessarily follows the previous
base-to-apex activation of theHis-Purkinje system. Interestingly, theHis
bundle on the crest of the ventricular septummaintains Tbx3 expression
and repression of Cx40 until ca. E14.5 inmouse after which Cx40, depen-
dent on Tbx5 [74], somehow escapes repression [117].
Themolecular distinction between compactwalls and trabeculations
remains to be extended to ectothermic vertebrates. In zebraﬁsh, thepos-
sible ortholog of the mammalian Cx40, zfCx45.6, has the opposite ven-
tricular expression found in amniotes, with the strongest expression in
the compact wall [118]. Classic anatomical studies on hearts of mam-
mals and birds have shown that the directionality of the ventricular
cardiomyocytes is globally the same, changing from helical (epicardial)
to circular and again to helical (endocardial) [98,119–121]. Yet, a sim-
ilar architecture is not obvious in the common ancestor to mammals
and birds as represented by reptiles and other ectothermic vertebrates,
but distinct layers can be found in their ventricles [122–124]. This raises
the possibility that compact walls as found in mammals and birds have
evolved independently. We speculate, however, that the compact walls
of the hearts of mammals and birds are homologous to those of ecto-
thermic vertebrates.
9. Differences in the formed conduction systems of mammals
and birds
Compared to ectothermic vertebrates, mammals and birds have
larger hearts and higher heart rates [4] and both groups have, besidesAdult
Adult
vs
lv
la
ra la
pact ventricularwalls. Early stages of cardiac development in reptiles (anole lizard, St 7/19)
absent from the atrioventricular canal (red arrowheads).Mammals, however, develop thick
becomes restricted to the subendocardial Purkinje network in the adult heart (arrows).
icular wall throughout development. la, left atrium; l, left ventricle; oft, myocardial outﬂow
Table 2
Simulated conduction velocities in ventricular cardiomyocytes.
Fish Frog Turtle Lizard Turkey Chicken Rat Human
Cell length (µm) 159.8 300.0 189.1 151.2 136.0 201.9 141.9 100
Cell width (µm) 9.9 5.0 7.2 5.9 8.7 9.0 32.0
Cell depth (µm) 5.7 n/a 5.4 5.6 n/a n/a 13.3
"Diameter" (µm) 7.5 5.0 6.2 5.7 8.7 9.0 20.6 22
Conduction velocity (cm/s)
– longitudinal 40.0 23.4 34.3 34.6 44.4 42.3 66.1 66.8
– transverse 13.1 7.8 11.1 12.2 15.2 12.4 21.5 26.4
Simulations were run in a mammalian based model system [139] and morphometric values were taken from [128,140]. The colors underline that conduction velocity increases
(only in mammals) does not occur in all species with high metabolism (red; mammals and birds).
791B. Jensen et al. / Biochimica et Biophysica Acta 1833 (2013) 783–794the His-Purkinje system, specializations that may further accelerate the
activation of the ventricles. Thus, the avian ventricles have a peri-
arterial Purkinje network (also Cx40 positive) associated with the coro-
nary arteries and even have Purkinje ﬁbers in the atria [5,125,126].
Oppositely, ventricular cardiomyocytes of the compact walls of mam-
malian hearts are several fold wider than in other vertebrates, ca.
30 μm vs. less than 10 μm respectively [127,128]. Importantly, in-
creased size of the cardiomyocytes and widening in particular, tend to
accelerate propagation speed [46,129,130]. Based on the dimensions
of ventricular cardiomyocytes, we simulated the effect of cell size on
conduction velocities from various vertebrates on the basis of human
properties (the model system consists of a strand of 90 cells either ar-
ranged end-to-end or side-to-side. Membrane excitability, in terms of
current densities, and gap junctional conductance was kept constant;
Table 2). All other things being equal, the relative wideness of the
mammalian ventricular cardiomyocytes endows them with increased
conduction velocities of 50% or more. This raises the intriguing possibil-
ity thatmammals and birds have found two differentways to accelerate
activation of the ventricles and hence heart rate.
The bird heart has a second and ventral atrioventricular communica-
tion besides the dorsal or posterior atrioventricular node, the retro-aortic
root branch. It connects to the anterior part of theHis bundle [5,125,131].
The retro-aortic root branch parallels the anterior atrioventricular com-
munication seen in the human cardiac malformation of congenitally
corrected transposition [132]. These conditions most likely relate to
the anterior part of the primary ring formed by Tbx3. Therefore, the
formation of an anterior connection may be more closely related to the
ingression of the insulating plane than the development of conduction
pathways per se. Also, the avian heart has a right atrioventricular ring
bundle associated with the atrioventricular node on the atrial side of
the insulating plane. A very similar structure, albeit less developed than
in birds, can be found in the mammalian heart [133], again marked by
Tbx3 [134]. The Tbx2/3 positive atrioventricular canal and primary ring
therefore emerge as the foundation for both normal and abnormal
atrioventricular conduction axes.
10. Conclusions
From similar early stages in embryogenesis, the hearts of the major
vertebrate groups develop into very distinct adult forms with enormous
differences in pumping capacity. Yet, electrically, the hearts are activated
in a highly conservedway,which, in turn, reﬂects conserved patterning of
the channel proteins involved in cell-to-cell coupling. Such patterning is
the developmental result of the formation of chamberswith fast propaga-
tion from a heart tubewith slowpropagation. Transcription factors deter-
mine chamber formation among which Tbx2 and Tbx3 are prominent
because their expression maintains myocardium in a heart tube likestate, whereas chambers develop where they are absent (Table 1). Also,
ventricular septum formation as seen inmammals and birds is associated
with a Tbx3 positive crest of the septum albeit other genes like Tbx5 also
interact. The ventricle develops a trabeculated design always. In ectother-
mic vertebrates, this design is maintained in the adult heart, whereas the
early trabeculated ventricles of mammals and birds grow further by ex-
pansion of an outer compact wall. In mammals and birds, therefore, the
early trabeculations come to line the right and left ventricular lumina
and give rise to the His-Purkinje system involved in the rapid activation
of the ventricles.Acknowledgements
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